On-line analysis of coffee roasting was performed using ion mobility spectrometry-mass spectrometry (IMS-MS) with corona discharge ionization. This is the first time that formation of volatile organic compounds (VOCs) during coffee roasting was monitored not only in positive but also in negative ion mode, and not only with mass spectrometry, but also with ion mobility spectrometry. The temporal evolution of more than 150 VOCs was monitored during the roasting of Brazilian Coffea arabica. Mass-selective ion mobility spectrometry allowed a separation of isobaric and isomeric compounds. In positive ion mode, isomers of alkyl pyrazines were found to exhibit distinct time-intensity profiles during roasting, providing a unique insight into the complex chemistry of this important class of aroma active compounds. Negative ion mode gave access to species poorly detectable by other on-line methods, such as acids. In this study, the release of fatty acids during coffee roasting was investigated in detail. These increase early on in the roasting process followed by a decrease at the same time as other VOCs start to be formed.
Introduction
Human beings are provided by nature with five senses: sight, hearing, taste, touch and smell. These warn us about danger, and fill life with delightful moments. Smell, for example, prevents us from eating spoilt food, but on the other, what would a good meal be without the delicious aroma? Mankind is therefore constantly trying to improve the aroma of food, and to understand the chemistry behind it.
From a chemist's perspective, aroma consists of volatile organic compounds (VOCs), and smell is an interaction between these VOCs and receptors in the nose. A specific aroma may be evoked by just a few VOCs, as raspberry is dominated by the ketones (4-(4-hydroxyphenyl)-butan-2-one) and ␣-and ␤-ionone [1] . For other aromas, however, a complex interplay of up to 40 VOCs is needed to create the final sensory impression [2] . Above a cup of coffee, for example, almost 1000 VOCs have been identified, and at least 20 of them are needed to reconstitute coffee aroma [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . 
Fig. 2.
Mass spectra summed over the entire roasting process in negative (top; scaled to the peak at m/z 265 as base peak) and positive (bottom; scaled to the peak at m/z 195 as base peak) ion modes. The largest peaks are truncated to better show the lower abundant species. sensitivity and mass resolution because it is a scanning instrument. Coupling the PTR source to a time-of-flight mass spectrometer (PTR-TOF-MS) was a step forward, as it delivers information about all ions simultaneously, and the higher mass resolution allows separation of some isobaric compounds. First PTR-TOF-MS studies of coffee roasting showed specific formation dynamics for different VOCs, and how these changed with different time-temperature roasting-profiles to the same roast degree [31] [32] [33] [34] . Further studies shed light on how chemical reactions varied when roasting different coffees along the same time-temperature roasting profile [35] : Both the start of aroma formation varied as well as the dynamics of VOC formation.
While TOF-MS provides far more information and better mass resolution than a quadrupole MS, it is still unable to resolve multiple compounds of a single composition, such as isomers of alkyl pyrazines or of chlorogenic acids (CGAs). A partial solution to this problem is to perform a low resolution flash GC prior to injecting into the mass spectrometer. Even though experimental time resolution is reduced, on-line analysis can still be performed. This approach has been reported by Romano et al. for wine analysis and Ruzsanyi et al. for the analysis of human breath and of VOCs emanated through skin [36, 37] .
Both laser-based and proton transfer techniques exhibit some selectivity in the ionization process. For REMPI and SPI, VOCs must absorb light of the respective wavelength. In a PTR source, only molecules with proton affinities higher than water become ionized by H + transfer. In both methods only positive analyte ions are generated. A different ionization technique, allowing the analysis of a wider range of both positively and negatively charged VOCs would be preferable.
Here we report a new approach, using an ion mobility time-offlight mass spectrometer and a corona discharge ion source. This technique retains the full advantage of a TOF MS, is fast enough for on-line analysis of coffee roasting, and has the following major advantages:
-separation of isobaric and isomeric compounds based on their collision cross section. -positive and negative ion modes.
-molecules with higher molecular mass can be analysed compared to PTR-TOF-MS.
Ion mobility separates ions of identical mass but different collisional cross section by pulling them with an electric field through a collision gas. The speed of ion movement through the neutral gas depends on the collision cross sections of the ions. Ions with a larger collision cross section move slower through the gas than smaller ones. Ions can have the same mass but different shapes, and therefore different cross sections such as isomers, conformers or diastereomers. While these cannot be separated by MS alone, they are often of great interest. Because the cross sections are not identical, ion mobility often can separate them, without a preceding chromatographic step.
In the following, we present first results of on-line monitoring of coffee roasting with IMS-MS, showing that time resolution is found to be well matched to fast processes like roasting, and that separation based on collision cross section reveals a wealth of new information on VOC isomers, both in positive and negative modes. Detectable VOCs were found to have a surprisingly large mass range with m/z values up to 500.
Materials and methods

Ion mobility spectrometry-mass spectrometry
All measurements were carried out on a TOFWERK IMS-TOF (Thun, Switzerland). The system comprised an ion source (corona discharge), a 10 cm desolvation tube, an atmospheric pressure 20 cm drift tube (both made from resistive glass) and a TOFWERK HTOF TOFMS with two-stage interface to the IMS. Desolvation and drift tubes were thermostatted at 150 • C with nitrogen as the drift gas. Ion mobility separation was carried out at a field strength of ca. 400 V/cm (reduced electric field strength ca. 2 Td). Mass spectra were acquired from m/z 10-500 in both positive and negative ion modes. Raw IMS-TOF data was post-processed using IMSviewer and Tofware (both Tofwerk, Switzerland). The IMS instrument uses a Hadamard multiplexing method. In addition to increasing sensitivity, properties of the time domain data can be exploited to increase both signal to noise ratio and effective resolution. The latter can significantly exceed the diffusion limit which applies to conventional pulsed-mode drift tube IMS [38] .
Coffee roasting
Roasting was performed with a drum roaster (Gene Café). Each batch of 120 g of Brazilian Yellow Bourbon washed coffee was roasted to an espresso-type roast degree (weight loss 18% ± 3%).
The green coffee beans were filled in the roasting drum at a temperature of 27 • C. Over the next ten minutes, the temperature was ramped continuously up to 230 • C (maximum temperature of the coffee roaster), then held constant until roasting ended at 17.5 min.
IMS-MS -roaster coupling
The IMS-TOF-MS inlet was coupled to the exhaust gas outlet of the coffee roaster as schematically shown in Fig. 1 . Roast gas was withdrawn from the exhaust and diluted with nitrogen to prevent condensation (1/4 teflon tubing). The resulting diluted gas flow (approximately 5 l/min) was injected perpendicular to the corona discharge.
Results and discussion
Online analysis of coffee roasting
The formation of VOCs during coffee roasting was monitored online with IMS-MS. Typical mass spectra averaged over the whole roasting process are shown in Fig. 2 for both negative and positive ion modes. A large number of VOC mass peaks were observed, particularly in negative mode. There is in principle no upper limit to the mass range that can be monitored with a TOF mass analyzer. However, considering that VOCs generally are found below 500 Da, this was chosen as an upper mass limit for this investigation. Positive ion mode MS spectra are dominated by protonated pyridine and caffeine (m/z 80 and 195, respectively), while negative ion mode MS spectra clearly show the presence of fatty acids (peaks between m/z 250-300). Even though the dominant negative ions generated by the corona discharge are derived from air, such as NO 2 − and NO 3 − , detection of VOCs is not impeded due to the dynamic range of the instrument, which is about three orders of magnitude. The corresponding averaged IMS data are shown in Fig. 3 .
Figs. 2 and 3 represent information averaged over the entire roasting process. Besides integrated mass spectra, on-line analysis also allows resolving in detail the time intensity information of VOCs during a roasting process. A time-intensity profile can be plotted for each peak in the mass spectrum, giving insight into formation and release of the compounds during the roasting process. Because coffee aroma contains many molecules, including isomers and isobars, identification is not always unambiguous using MS alone. One peak in the mass spectrum often corresponds to a range of molecules with the same molecular formula (isomers) or same nominal mass (isobars). IMS adds a second, orthogonal separation dimension, which is sensitive to the shape differences of isomers and isobars. The IMS-MS used here offers high mass accuracy (low ppm range) and resolution (approximately 5000 m/ m), combined with mobility resolution of >100. This performance combination greatly facilitates the identification of target compounds, often separating isomers and isobars, as will be shown below. 3.1.1. Pyrazines Alkyl pyrazines are important coffee aroma compounds formed during roasting in the Maillard reaction between amino acids and reducing sugars, with ␣-diketones as intermediates for the transamination followed by ring condensation [39] [40] [41] . Depending on the alkyl chain and its position, they contribute different flavours to the coffee, as listed in Table 1 . These isomers have the same molecular formula and are therefore not distinguishable by pure mass spectrometry (without e.g. pre-separation by chromatography), even with a very high resolution. Since their molecular shapes, and consequently their collision cross sections, usually differ, they can be separated by IMS [42] . As shown in Fig. 4 , two peaks can be seen in the ion mobility spectra of a single MS peak at m/z 109, presumably ethyl pyrazine (peanut butter, woody aroma) and dimethyl pyrazine (aroma of cocoa, roasted nut, coffee). As can been seen in the IMS-MS time traces (Fig. 5) , both these IMS peaks change their intensity with roasting time.
The peak at m/z 81 might correspond to the non-alkylated pyrazine molecule. In the IMS-MS traces, one would expect one single peak. However, in Fig. 4 , three peaks are observed; a small one at a drift time of 20.8 ms, one intense at 27.4 ms and a third small peak at 28.8 ms. By comparison to measurements of the reference compound, we assign m/z 81, DT = 20.8 to protonated pyrazine. In the reference measurement, strong adduct formation was observed, so we tentatively assign the peak at 27.44 ms to a pyrazine ion-molecule adduct which forms in the corona ion source, and dissociates in the interface just prior to entering the MS. The third peak at 28.8 ms might correspond to an adduct, as well. The time-intensity profile of the IMS peak at m/z 81, DT = 27.44 ms is shown in Fig. 5 . The intensity of the peak at m/z 81, DT = 20.8 is too small for a time resolved plot of the IMS peak. The intensity profile of the peak at m/z 81, DT = 27.44 ms shows that the pyrazine adduct is not released until the middle of the roasting process (at 230 • C) and reaches its maximum near the end of roasting, which is a typical time intensity profile of pyrazine, compared to what was observed within PTR-MS studies of coffee roasting.
By analogy to pyrazine it is likely, but not certain, that the peaks at higher drift time in the m/z 109, 123 and 137 traces of Fig. 4 also correspond to adducts. 2,3-Diethyl-5-methylpyrazine reference measurements showed that the two peaks at 24.9 ms and 26.2 ms correspond to conformers of the free molecular ion. The third peak at 28.7 ms is not yet identified.
The differences in the temporal profiles of alkyl-pyrazine isomer peaks resolved by IMS-MS are striking. Some peaks seem not to be strongly dependent on the roasting time (e.g. compounds at m/z 123.09, 31.01 ms; m/z 151.10, 26.24 ms), and therefore may be present already in the green beans and might not necessarily be alkyl pyrazines. Other VOCs are clearly formed only during roasting (e.g. m/z 95.06, 23.61 ms; m/z 81.05). Interestingly, some compounds are most intense at the beginning of the roasting process and then gradually decrease with time (m/z 109.08, 23.81 ms; m/z 151.10, 28.73 ms). These compounds might be released only initially upon heating of the green coffee beans, or they might be thermally degraded with ongoing roasting time. These compounds might not be alkyl pyrazines. The identification of these ions will be the aim of further studies.
Negatively charged ions
IMS-MS was also used to monitor negative ions during coffee roasting. To the best of our knowledge, this is the first time that this has been reported. Negative mode allows sensitive detection of organic acids by deprotonation of the carboxyl group. A selection of negative ions whose intensity varied with the roasting time is given in Table 2 . While some can be tentatively assigned to organic acids or guaiacols, others still remain to be assigned. VOCs which have Table 3 .
not yet been identified are listed in the supplementary information. A prominent series of ions are assigned to the fatty acids (Table 3) .
Fatty acids
Lipids are a major compound class in coffee beans, constituting up to 17% by weight in Arabica and 14% by weight in Robusta [43] . Their thermal oxidative degradation leads to smaller molecules like aldehydes which can further react to heterocyclic volatiles [43] . The content of free fatty acids (FFA) in green coffee is in the range of 1-2% in Arabica and 1-3% in Robusta [43] and decreases slightly until the end of roasting.
Monitored in negative ion mode, the release of fatty acids during coffee roasting could be analysed on-line, as shown in Fig. 6 . The detection of fatty acids might be surprising, as they are nonvolatile. However, during coffee roasting, the green coffee beans are both physically and chemically altered. The hard, green coffee beans are transformed into brownish, brittle coffee smelling beans, much larger in size than the green beans. During this transformation, mainly water and CO 2 is released from the beans. Additionally, volatile as well as non-volatile organic compounds are released, among others caffeine. The mechanism of the release of the nonvolatile compounds might be different depending on where the substance is located within the bean. Fatty acids, for example, are present in the wax coating the green bean, as well as inside the bean [43] . The fatty acids on the surface might be released while the size and hence the surface of the bean is growing. It might be caused by an interplay of temperature, the rupture of the surface structure, maybe they are withdrawn by the evaporating CO 2 or water, and/or maybe the mechanical contact with the other been in the roaster drum facilitates their release.
Concerning the compounds located inside the bean, they first have to migrate through the bean. With the ongoing of the roasting process, this is increasingly facilitated. The bean's structure turns more and more into a glassy state, and around the first crack, the bean structure is ruptured due to the high pressure inside the bean, opening channels for the release of compounds. Roasting of small batches or even of single beans has shown [21] [22] [23] [24] [25] 29, 30] that some compounds are released more or less continuously during roasting while others show sudden peaks in their release patterns, correlating with the popping sound of the first crack. This might be due to where the compounds are situated or formed during roasting as well as how they interact with the cell structure of the bean. Within batch roasting, these sudden peaks are no longer visible due to the huge number of beans popping at different timings, leading to a more or less continuous release of the compounds.
With respect to a possible delay between formation and release of compounds during roasting, former studies have shown that the on-line detection of compounds with PTR-MS is representative for the formation time. Beans were sampled at different states of the roasting process and their VOC content analysed with headspace gas chromatography coupled to mass spectrometry (HS GC/MS) above the ground coffee powder. The VOC intensities and their temporal behaviour over the roasting process were very similar to the corresponding VOC intensity profile in the on-line analysis with PTR-TOF-MS.
The time-dependent profiles for free fatty acids and their esters all follow the same trend: they are released already at the lowest temperature, but reach a maximum at 5-9 min, assuming that especially at the beginning the observed fatty acids are predominantly released from the surface of the beans. Towards the end of the roasting, their intensities decrease below the starting values, probably due to thermal degradation. The position of the maximum seems to correlate with molecular weight, lighter molecules are released earlier than heavier ones. This corresponds to the expected general trend of volatility versus molecular weight.
The most abundant FFA in coffee are linoleic (C18:2) and palmitic acids (C16:0), followed by stearic and oleic acids (C18:0 and C18:1) [43] . Arachidic and linolenic acids are minor constituents. This fits with the ion intensities observed within these studies: C18:2 ≈ C16:0 ≈ C18:0 > C18:1 > C20:0.
Normalized ion mobility spectra of some fatty acids are shown in Fig. 7a . For fatty acids with the same number of carbon atoms, the IMS peaks shift to shorter drift times with increasing number of double bonds, indicating a smaller collision cross section for the unsaturated fatty acids. In contrast, prolonging the chain length of the fatty acid increases the drift time and correspondingly the collision cross section. This is in agreement with previous studies that employed IMS-MS for lipidomics [38, 44] .
Due to the low abundance of some of the compounds, IMS-MS time series were relatively noisy (approximately 500 ions are required for a high-quality ion mobility spectrum). A larger time window reduces noise but reduces temporal resolution. With this limitation, no significant differences in the temporal evolution of different IMS-MS peaks were observed; consequently, only timeseries based on MS data are shown.
In Fig. 7b , the use of two-dimensional IMS-MS plots is shown to quickly distinguish between compounds belonging to different chemical families. FFAs exhibit relatively high collision cross section values for their mass (as commonly observed for lipids) and consequently occupy a very specific space in 2D IMS-MS plots [45] . Therefore, assignments based on accurate mass are confirmed using 2D IMS-MS plots, and information on compounds belonging to the same chemical class can be quickly and efficiently extracted from complex data sets.
Other acids
In addition to fatty acids, other acids were observed, as tentatively identified in Table 2 . As can be seen in the time series in Fig. 8 , most of the lower molecular weight acids such as caffeic acid (m/z 179) and ferulic acid (m/z 193) are formed during the roasting. After passing a maximum their intensity decreases with further roasting. In contrast, heavier acids such as kahweol (m/z 314), chlorogenic acid (m/z 354) and feruoyl quinic acid (m/z 368) already reach their maximum gas phase concentrations at earlier times. The temporal evolution of the intensities of m/z 367 (feruoyl quinic acid) and m/z 193 (ferulic acid) are consisted with the degradation of feruoyl quinic acid to ferulic acid during roasting [23] [24] [25] . The here observed intensity increase of m/z 149 (4-vinyl guaiacol) however does not correlate directly to its proposed formation by decarboxylation of ferulic acid [23] [24] [25] . A further reaction of 4-vinyl guaiacol to 4-ethyl guaiacol (m/z 151) would yet be consistent with the observed intensities. Further stud- Table 2 for corresponding tentative assignments. ies, adding reference substances to the roasting gas, will provide more information. For the MS peak at m/z 191, two IMS peaks are detected, which were tentatively assigned as the isobaric quinic and citric acids (m/z 191.06 and m/z 191.02). The temporal evolutions of the intensities of these two mobility peaks are inverted, as seen in Fig. 9 . One decreases during roasting while the other increases. As it is known that citric acid is degraded with ongoing roasting, we assign the peak with drift time = 25.88 ms to citric acid. The peak at 26.78 ms is therefore assigned to quinic acid, which is formed during roasting as a degradation product of chlorogenic acids [43] .
Comparison with other MS techniques (PTR-TOF-MS, REMPI/SPI TOF MS)
In comparison with techniques as PTR-MS or REMPI/SPI-MS for online analysis of coffee roasting [21] [22] [23] [24] [25] [26] [27] [31] [32] [33] [34] [35] , IMS-MS has the clear advantage of an additional separation step. This allows analysing VOCs with the same molecular formula, as long as their collision cross sections differ. This was shown here for one particular class of molecules, the alkyl pyrazines, which each contribute distinct and different aroma notes to the aroma of coffee, depending on the length and position of the alkyl chain.
Another great advantage of the IMS-MS instrument used here is the corona discharge ion source. In contrast to PTR it generates both positive and negative analyte ions. This enlarges the number of VOCs which can be monitored during roasting, notably giving access to the fatty acids. Although some fatty acids were also observed in recent REMPI studies [27, 46] , this ionization technique has the disadvantage that only VOCs with appropriate chromophores can be analysed. This might be an advantage for the analysis of guaiacols, for example, which are only slightly visible using PTR. Using IMS-MS with corona discharge ionization, however, intense signals were obtained. Consequently, IMS-MS with corona discharge ionization seems to combine the advantages of both PTR and REMPI/SPI.
While IMS-MS with corona discharge ionization was shown above to provide a comparatively wide range of ion species, not all species are detected with equally high sensitivity. In particular, PTR-MS detected the formation of furans during coffee roasting [31] [32] [33] [34] [35] , but they were not observed in the present study. The difference in furan sensitivities between IMS-MS with corona discharge ionization and PTR-MS illustrates the fact that all secondary charge transfer ionization techniques are subject to numerous factors that affect relative and absolute sensitivities. Rates and extents of reactions with primary ions vary widely, and are dependent on source conditions. In addition, complex samples such as roasting gas often suffer from competitive reactions, which are not always evident but may have a large effect. We have concentrated here on exploring the chemical space made visible by IMS-MS, quantitation will follow in future studies.
Conclusions
Within this study it was shown that corona discharge coupled to IMS-MS is a powerful tool for on-line analysis of the temporal evolution of volatile organic compounds during coffee roasting. The method exhibits two main advantages:
First, the ion mobility dimension separates based on collision cross section, which often resolves isomers and isobars that cannot be separated by MS alone. This was demonstrated for alkyl pyrazines, which make different coffee aroma contributions depending on their alkyl chain lengths and positions. The ion mobility spectra clearly showed that multiple isomers often contribute to single mass peaks. This is a huge step ahead in comparison to prior on-line monitoring methods which are unable to separate isomers.
Second, the corona ion source provides easy and straightforward access to both positive and negative ions, while prior on-line methods are restricted to positive ions. This allows the routine observation of a much larger range of chemical species. An important class investigated here in negative mode are the many fatty acids.
In addition, we observed remarkably high molecular weight species in negative mode, which are not found with the more commonly employed positive mode PTR-MS instruments. This might be partially due to the negative mode ionization, the ionization technique as such and the instrument settings. In the author's earlier studies with PTR-TOF-MS, a slight enhancement of signal intensities of higher molecular weight molecules was possible, but only a few additionally peaks were observable, much less than here. At the same time, the intensities of the aroma relevant VOCs with lower molecular weight were reduced dramatically. A parallel observation of low and high molecular weight molecules with PTR-TOF-MS was therefore not possible during on-line monitoring of coffee roasting.
In conclusion, the results presented here clearly demonstrate that IMS-MS opens new perspectives for on-line analysis of coffee roasting by greatly expanding the range of species detected in positive and negative ion mode, combining advantages of PTR-MS and REMPI/SPI-MS analysis, and adding an additional separation step based on the collision cross section of the VOCs.
